Objective: Adiponectin plays an important role in pathophysiology of obesity, type 2 diabetes and cardiovascular disease. The aim of this study was to determine adiponectin concentrations in children and adolescents with type 1 diabetes in a longitudinal manner and to study the impact of age, gender, body mass index (BMI) and metabolic control. Research design and methods: In this study, 88 children and adolescents with type 1 diabetes were followed longitudinally. At baseline and during follow-up, serum levels of adiponectin were measured by enzyme-linked immunoassay and correlated with clinical data, HbA1c and lipids. Healthy children (nZ259) were chosen as a control group. Results: Serum adiponectin levels were significantly higher in children with type 1 diabetes compared with healthy children (13.1 vs 9.1 mg/ml at baseline, P!0.001). Adiponectin concentrations inversely correlated with BMI S.D.s (P!0.001). No significant difference of adiponectin levels regarding gender, diabetes duration or HbA1c was seen. Adiponectin concentrations decreased in males with type 1 diabetes during puberty (PZ0.03) while there was no significant change in females. In a subgroup of patients with new onset type 1 diabetes, adiponectin concentrations were not different from adiponectin levels in control subjects but increased during follow-up (PZ0.007). Stepwise multiple regression analysis showed that most important predictors of adiponectin levels in type 1 diabetes at the end of the study were adiponectin concentration at baseline (bZ0.574, P!0.001) and BMI S.D.s (bZK0.302, PZ0.001, r 2 Z0.56). Conclusions: Children and adolescents with type 1 diabetes have BMI-dependent elevated serum concentrations of adiponectin compared with healthy children.
Introduction
Adiponectin is a hormone produced by adipose tissue which plays an important role in the pathogenesis of metabolic and cardiovascular disease. Adiponectin is exclusively secreted by adipocytes, circulates at relatively high levels in the bloodstream and appears to play an important role in pathophysiology of obesity, type 2 diabetes and coronary artery disease (1) (2) (3) (4) (5) (6) (7) . Adiponectin levels are decreased in obesity and are inversely correlated to insulin resistance (5, (8) (9) (10) (11) . Furthermore, low serum adiponectin levels are associated with a markedly increased risk of atherosclerotic disease like coronary artery disease (4) (5) (6) (7) (8) 12) . High serum levels of adiponectin are associated with a lower risk of myocardial infarction (5, 13, 14) . Several experimental studies showed anti-inflammatory and anti-atherosclerotic effects of adiponectin. There is substantial evidence that adiponectin has protective effects as to the development of atherosclerosis (7, (15) (16) (17) (18) (19) .
Cardiovascular disease is the major cause of morbidity and mortality in type 1 diabetes. There is a two-to eightfold excess risk of coronary artery disease in adults with type 1 diabetes (20) (21) (22) . In type 1 diabetes, the relationship between serum adiponectin and the presence of micro-and macrovascular complications is largely unknown. Over the last years, few studies examined serum levels of adiponectin in patients with type 1 diabetes. Unexpectedly, adults with type 1 diabetes had higher serum levels of adiponectin compared with healthy adults (12, 23) . Adiponectin serum levels were even higher in patients with microvascular complications (12, 23, 24) . The Pittsburgh Epidemiology of Diabetes Complications Study showed that adiponectin inversely predicted the incidence of coronary artery disease in adults with type 1 diabetes (25) . It needs to be clarified whether adiponectin plays an important role in the development of atherosclerosis in type 1 diabetes. Research about adiponectin is mainly focused on obesity and type 2 diabetes. The data concerning adiponectin in children and adolescents with type 1 diabetes are sparse and controversial. One study showed no differences between adiponectin levels in paediatric subjects with type 1 diabetes and those in healthy control subjects (26) . Another study in children with type 1 diabetes found higher levels of adiponectin in pre-pubertal but not in pubertal children with type 1 diabetes compared with healthy children (27) . No information about the influence of puberty on serum levels of adiponectin is available. Therefore, this study investigated serum concentrations of adiponectin in children and adolescents with type 1 diabetes cross-sectionally and longitudinally, and examined putative associations with age, body mass index (BMI), pubertal stage, diabetes duration and metabolic control.
Subjects and methods

Subjects
The 88 subjects with type 1 diabetes regularly attend the diabetes outpatient clinic of the University Hospital for Children and Adolescents, University of Leipzig, Germany. To be included in the study, patients had to be !18 years of age at the beginning of the study (baseline) and have type 1 diabetes as defined by the American Diabetes Association 1998. Clinical data like weight, height, BMI (calculated as weight/(height) 2 ) and blood pressure were determined every 3 months. Pubertal Tanner staging was performed by standardized methods (Tanner stages 1-5). BMI S.D. score (BMI S.D.s) was calculated using the national reference data in Germany (28) . Levels of HbA1c and albumin excretion rate in timed overnight urine collections were measured every 3 months. Microalbuminuria was defined as an albumin excretion rate of more than 20 mg/min in a minimum of two out of three consecutive urine specimens. Eye examination by ophthalmoscopy was performed every year in subjects over the age of 10 years independently of diabetes duration or with diabetes duration of more than 5 years according to the guidelines of International Society for Paediatric and Adolescent Diabetes. Non-fasting venous blood was collected once a year for determination of serum levels of triglycerides, cholesterol, low-density lipoprotein (LDL), high-density lipoprotein (HDL) and adiponectin. Serum was stored at K20 8C until analysis of adiponectin concentrations. Two hundred and fiftynine healthy control subjects without diabetes and !21 years of age were recruited along with regular public health service examinations in pre-school and school classes from a study on anthropometric measurements ('Leipzig school children's project', (29) ) and from referred children and adolescents or pre-operative visits to the paediatric outpatient clinic. To be included in the study, the control subjects had to be without any acute disease and without clinical conditions involving the endocrine-metabolic system. Investigators performing the laboratory analyses were blinded to the study hypothesis. Approval by the Ethical Committee of the Medical Faculty of the University Leipzig and informed consent from parents were obtained.
Determination of HbA1c, serum cholesterol and triglycerides
HbA1c levels were determined by a commercial kit using a turbidimetric inhibition immunoassay (Tina Quant aHbA1c, Roche Diagnostics). The normal range was 4.8-6.0% with an inter-assay coefficient of variation of 8.8% for values within the normal range and of 4.1% for values above the normal range. Levels of serum cholesterol, HDLs, LDLs and triglycerides were measured using the commercially available enzymatic in vitro tests by Roche (Cholesterol CHOD-PAP, HDL-C Plus, LDL-C Plus, Triglycerides GPO-PAP, Hitachi, Roche Diagnostics).
Determination of serum adiponectin
Serum adiponectin levels were determined by a commercial kit using an enzyme-linked immunoassay (Mediagnost, Reutlingen, Germany). The sensitivity of the assay was determined to be !0.6 ng/ml. The intraassay coefficient was !4.7% and inter-assay coefficient of variation was !6.7%.
Statistical analysis
Data are presented as meansGS.D. Normal distribution was tested using Kolmogorov-Smirnov test. Normal distribution was observed for serum adiponectin concentrations in healthy children and adolescents but not in the children and adolescents with type 1 diabetes. After log 10 (lg) transformation, normal distribution was achieved and statistical analysis was carried out using lg-transformed data. Data are presented as mean geometric adiponectin level and mean lg adiponectin levelGS.D. The children and adolescents with and without type 1 diabetes were divided into different age groups at baseline and at the end of the study (3-16 and 8-20 years) and compared with their matched control group by unpaired t-test and ANOVA. For comparison of adiponectin concentrations in the children and adolescents with type 1 diabetes over the study period, paired t-test was performed. Spearman-Rho correlation analysis was used to examine associations between adiponectin levels and age, pubertal stages, BMI S.D.s, HbA1c and lipid levels. Correlation coefficients were adjusted for age and BMI.
ANOVA was carried out for comparison of the study groups. Multiple stepwise linear regression analyses were used to determine the predictors of serum concentrations of adiponectin. Statistical significance was assumed at P values of !0.05. Statistical parameters were calculated using SPSS program 11.0 for Windows (Chicago, IL, USA). For graphic presentation, SPSS 11.0 was used.
Results
Study subjects
Clinical characteristics of the study subjects are shown in Table 1 . The mean duration of the study was 4.8G1.2 years (range 2.5-6.7 years). The median number of measurements of adiponectin levels per subject was 4 (range 2-7). BMI S.D.s was significantly higher at the end of the study compared with baseline (P!0.001). For statistical analysis, the children and adolescents with type 1 diabetes were divided into different age groups and compared with the matched control group (age group 3-16 years at baseline and 8-20 years at the end of the study). In a subgroup of 18 children and adolescents with newly diagnosed type 1 diabetes (onset of diabetes), diabetic ketoacidosis (defined as pH below 7.30) was present in three children.
Adiponectin serum levels in children with and without type 1 diabetes and their relationship to age and BMI Serum adiponectin levels were significantly higher in children and adolescents with type 1 diabetes compared with age-and gender-matched healthy children at baseline of the study (age group 3-16 years, mean geometric adiponectin 13.1 mg/ml in type 1 diabetes versus 9.1 mg/ml in control group, lg adiponectin 1.06G0.23 mg/ml versus lg adiponectin 0.90G0.23 mg/ml, P!0.001, Dlg adiponectin 0.16 mg/ml, 95% CI (0.11-0.23)). Throughout the study, adiponectin concentrations were also significantly higher in subjects with type 1 diabetes compared with age-and gender-matched healthy subjects (after 2, 4 and 6 years of follow-up, P!0.001). At the end of the study, serum concentrations of adiponectin in subjects with diabetes (age group 8-20 years) were again significantly higher compared with the age-and gendermatched control group (mean geometric adiponectin 11.9 mg/ml in type 1 diabetes versus 8.6 mg/ml in control group, lg adiponectin 1.01G0.22 mg/ml versus lg adiponectin 0.88G0.22 mg/ml, P!0.001, D 0.13 mg/ml, 95% CI (0.08-0.19)). Serum concentrations of adiponectin in children and adolescents at baseline and at the end of the study were lower in older subjects, however, this effect did not reach significance (PZ0.10). At baseline, a BMI S.D.s-dependent association of adiponectin levels in the group of healthy subjects (rZK0.16, PZ0.036) but not in Table 1 Clinical characteristics of the study subjects. . Therefore, serum adiponectin levels in children and adolescents before and during pubertal development were examined longitudinally in more detail. Mean adiponectin levels were calculated for pubertal stages 1-5 in each subject and depicted over pubertal development (Fig. 2 ). In boys with type 1 diabetes, adiponectin concentrations decreased during puberty and were significantly lower at the end of puberty compared with pre-pubertal stage (13.2 mg/ml, lg adiponectin 1.05G0.23 mg/ml in pubertal stage 1 vs 11.4 mg/ml, lg adiponectin 1.00G0.21 mg/ml in pubertal stage 5, PZ0.03, Fig. 2 ). In girls with type 1 diabetes, levels of adiponectin showed no significant change during puberty (Fig. 2 ). Contrary to healthy children and adolescents where females have higher adiponectin levels (30) , no significant difference between adiponectin concentrations in males and females with type 1 diabetes was seen at the end of puberty.
Relationship of adiponectin concentrations to diabetes duration and metabolic control
No significant correlation between serum concentrations of adiponectin and diabetes duration at baseline could be demonstrated. However, lower adiponectin levels in the subgroup of children and adolescents with newly diagnosed type 1 diabetes (onset of diabetes, nZ18) compared with the subjects with a diabetes duration of at least 0.5 years were observed. Serum levels of adiponectin in children at onset of type 1 diabetes (mean geometric adiponectin 7.6 mg/ml, lg adiponectin 0.85G0.18 mg/ml) were not different from adiponectin levels in the control group (mean geometric adiponectin 9.1 mg/ml, lg adiponectin 0.90G0.23 mg/ml, PZ0.65, D lg adiponectin 0.05 mg/ml, 95% CI (K0.08-0.18)) but significantly lower compared with the group of children with a diabetes duration of more than 0.5 years (mean geometric adiponectin 14.4 mg/ml, lg adiponectin 1.11G0.20 mg/ml, P!0.001, D lg adiponectin 0.26 mg/ml, 95% CI (0.12-0.41)). Adiponectin levels in this subgroup of subjects with newly diagnosed diabetes were analysed longitudinally in more detail. The mean adiponectin level was estimated as 7.6 mg/ml at onset of diabetes (lg adiponectin 0.85G0.18 mg/ml) and increased significantly during follow-up (mean geometric adiponectin 12.1 mg/ml, lg adiponectin 1.03G0.21 mg/ml at 0.5-2.5 years of diabetes duration, D lg adiponectin 0.17, 95% CI (0.05-0.28), PZ0.007).
Mean adiponectin levels were used within the time frame of 0.5-2.5 years diabetes duration after onset of diabetes.
At the end of the study, serum concentrations of adiponectin increased with diabetes duration, however, this effect was not significant (PZ0.08). Statistical analysis examining the relationship between metabolic control and adiponectin demonstrated no association between blood glucose levels and adiponectin levels and mean HbA1c and adiponectin levels (data not shown).
Relationship of adiponectin concentrations to serum lipids
For this analysis, the data of the subgroup of children with newly diagnosed diabetes were excluded. Because of the age-dependent changes in serum lipids, the study group was divided into different age groups (3-11, 11-14 and 14-20 years). Mean adiponectin and serum lipid levels were calculated in each subject for each age group and correlations are given in Table 2 . No significant correlation between adiponectin concentrations and cholesterol, HDL and LDL were seen in children with type 1 diabetes in the age group up to 11 years (nZ48). In pubertal children with type 1 diabetes aged 11-14 years (nZ67), adiponectin concentrations positively correlated with serum total cholesterol (rZ 0.26, PZ0.03). Adiponectin concentrations also positively correlated with HDL levels, although statistical analysis revealed statistical significance only in trend (rZ0.23, PZ0.06). No associations between adiponectin levels and LDL were observed. However, more detailed analysis showed different associations in females (nZ30) and males (nZ37) with type 1 diabetes. Mean serum levels of adiponectin in pubertal females correlated with HDL (rZ0.48, PZ0.008). No significant correlation between adiponectin levels and HDL was observed in pubertal males (rZ0.04, PZ0.80). Separate statistical analysis of the association between adiponectin concentrations and total cholesterol in females and males still showed positive correlations, although the effects did not reach significance (rZ0.33, PZ0.07 in females and rZ 0.22, PZ0.19 in males). Furthermore, in females with type 1 diabetes, no correlations between adiponectin levels and LDL were seen. No significant correlation between serum levels of adiponectin and LDL was observed. In the group of subjects with type 1 diabetes over the age of 14 years (nZ61), no significant correlations between adiponectin levels and serum lipids were observed. However, separate statistical analysis in males and females in this age group demonstrated significant correlations between adiponectin levels and cholesterol (rZ0.42, PZ0.02) and between adiponectin levels and LDL (rZ0.40, PZ0.03) in males, while there were no significant correlations in females.
Stepwise multiple regression analysis of adiponectin concentrations on clinical and metabolic parameters
Serum adiponectin concentrations at the end of the study significantly correlated with adiponectin levels at baseline in children and adolescents with type 1 diabetes (rZ0.61, P!0.001). Stepwise multiple regression analysis including age, gender, pubertal stage, BMI S.D.s, diabetes duration, adiponectin level at baseline, mean HbA1c and serum lipids revealed that adiponectin levels at baseline (bZ0.574, P!0.001)and BMI S.D.s (bZK0.302, PZ0.001, r 2 Z0.56) determined adiponectin levels at the end of the study. The most important predictor of adiponectin levels in children and adolescents with type 1 diabetes at the end of the study was adiponectin concentration at baseline.
Discussion
This study has demonstrated, as have other studies in adults with type 1 diabetes (12, (23) (24) (25) , that serum concentrations of adiponectin are elevated in children and adolescents with type 1 diabetes. In contrast to adults, studies in children and adolescents with type 1 diabetes show controversial results (26, 27) . Celi et al. reported elevated levels of adiponectin in pre-pubertal children with type 1 diabetes (27) . The study by Morales et al. revealed that adiponectin levels in children and adolescents with type 1 diabetes did not differ from those in healthy subjects (26) . Remarkably, in the present study, adiponectin levels at the time of diagnosis of diabetes were not different from adiponectin levels in control subjects but increased significantly during the follow-up period of the study. Diabetes duration in the two paediatric studies by Celi and Morales varied from 0.6 to 15.9 years and from 0.1 to 10 years respectively (26, 27) . Duration of diabetes in studies conducted in adults was considerably longer (e.g. mean diabetes duration 27G8 years (12) ). According to our results, children do not have elevated adiponectin levels at the onset of diabetes but elevated adiponectin levels are detected after more than 0.5 years of diabetes duration. In the study by Morales, children with a diabetes duration of only 0.1 years were included; therefore, a certain percentage of the study subjects may well have low normal adiponectin concentrations.
This longitudinal study aimed to get more detailed information about determinants and influencing factors of adiponectin levels and longitudinal changes of adiponectin concentrations in children and adolescents. No significant difference in adiponectin concentrations regarding gender was seen. This observation is confirmed by the paediatric studies where gender differences were not seen either (26, 27) . In contrast, the published studies in adults report on higher levels of adiponectin in women (12, (23) (24) (25) . However, the findings in this study regarding the differences between adiponectin levels in males and females during pubertal development suggest an influence of gender. In healthy children and adolescents, adiponectin levels decreased significantly during puberty in boys compared with girls and at the end of puberty adiponectin levels are significantly lower in males than in females (30) . In children and adolescents with type 1 diabetes, adiponectin concentrations also decline during puberty in males but are not different from adiponectin levels in females at the end of puberty. The reason for this observation remains unclear, suggesting other factors being involved in the regulation of adiponectin secretion Table 2 Correlation analysis for associations between serum adiponectin levels and lipid concentrations in children, adolescents and young adults with type 1 diabetes. (31) (32) (33) (34) (35) . In addition, gender differences in the prevalence of atherosclerosis in type 1 diabetes could possibly be explained by the observed findings during puberty. Contrary to the healthy population, incidence rates and mortality of coronary heart disease (CHD) in women with type 1 diabetes are equal or even higher than in men (36, 37) . In type 1 diabetes, coronary artery calcification is greatly increased and the gender difference in calcification is lost (38) . The cardioprotective gender effect in healthy women is not present any longer in type 1 diabetes (36, 37) . The reasons for the greater impact of CHD in women with type 1 diabetes are not clear and little of this gender effect can be explained by known risk factors. The correlations of adiponectin concentrations and serum lipids, especially HDL, in females may further support this gender effect. The observation regarding lipids in this study is consistent with published studies in adults and children (39) (40) (41) . A study of 839 healthy children reported gender-different associations between adiponectin levels and lipid profiles. Girls showed steeper declines in HDL and adiponectin with increasing BMI compared to boys, suggesting a complex age-and sex-related regulation of adiponectin secretion or clearance (40) . Our study also confirmed different associations in boys and girls and implied a gender-related regulation of adiponectin levels. Probably because of the small number of subjects in the other age groups, significant correlations were mainly observed in the age group 11-14 years. Hormonal changes during puberty may also contribute to greater changes in lipid profile. Finally, the blood samples of this study were collected under nonfasting conditions. Whereas, this fact appears to have only a negligible impact on the level of adiponectin (45) , an association between triglyceride and adiponectin concentrations cannot be evaluated leading to an incomplete picture of the lipid-adiponectin relationship in our patients.
The causes of elevated adiponectin levels in type 1 diabetes are not yet understood. Whether adiponectin is involved in the pathogenesis of complications in type 1 diabetes is still unclear. So far, the results of studies are conflicting and several theories exist. The Pittsburgh Epidemiology of Complications Study, a prospective follow-up study, showed that adiponectin levels inversely predicted the incidence of CHD in type 1 diabetes (25) . Adiponectin could prove a marker for cardiovascular disease in type 1 diabetes. Therefore, another aim of this study was to evaluate predictors of adiponectin levels. This study is the only one examining adiponectin levels in children longitudinally over a period of time. The strongest predictor of adiponectin levels in the children and adolescents with type 1 diabetes at the end of the study was adiponectin level at baseline. This may be an indicator that adiponectin levels are partly or probably mainly genetically determined and therefore remain relatively constant (12) . However, genetic studies were conducted in patients with insulin resistance or type 2 diabetes and no data are available on any relationship between adiponectin polymorphisms and type 1 diabetes (42) (43) (44) .
Some limitations of the present study should be pointed out. First, the subgroup of children and adolescents with new onset type 1 diabetes comprises a wide age span, different pubertal stages and more males than females. It will be necessary to evaluate serum adiponectin levels at onset of type 1 diabetes and after a defined period of time in a considerably larger prospective study in order to confirm the observed result. Secondly, because adiponectin levels were measured yearly in our study, we are unable to discriminate how soon after insulin replacement adiponectin serum concentrations start to rise. In future, it will be important to evaluate the changes of adiponectin levels within the first year after onset of diabetes in a prospective study.
In summary, our study demonstrated that adiponectin levels are indeed higher in children and adolescents with no present cardiovascular disease. Adiponectin concentrations correlated with BMI but showed no association with metabolic control, confirming the results of studies in adults with type 1 diabetes. Furthermore, we revealed that adiponectin levels in type 1 diabetes during puberty are different compared to age-and pubertal stage-matched healthy controls, suggesting gender-dependent regulation of adiponectin levels in type 1 diabetes.
